material. By pumping the waveguide with a pump light source, interaction between the pump light and the rare earth material within the waveguide causes amplifica tion or gain of a first optical signal. Ion beam deposition is used to fabricate the waveguide, therefore production of a high quality rare earth doped waveguide is possible. Furthermore, the waveguide is made using batch pro cessing thus reducing costs. 
ION-BEAM DEPOSITED, GAIN ENHANCED RING RESONATORS BACKGROUND OF THE INVENTION
The present invention relates to optical waveguides for carrying optical signals, or causing optical signals to resonate. More specifically, the invention relates to solid state optical waveguides which provide gain or amplification to the optical signals being carried there through.
Typically an optical waveguide is comprised of a thin film of material deposited upon a substrate. This mate rial is then etched or altered to form a waveguide path.
Optical waveguides are becoming increasingly popu lar, specifically in the fields of communications optical circuits and resonators. Furthermore, optical wave guides may be used for any application which requires the transmission of optical signals from one point to another.
Optical waveguides may be easily configured to form resonators. Resonators can be created by configuring the optical waveguide in a closed loop path and inject ing or coupling light beams therein. Due to the closed loop configuration of the waveguide path, the light within the path is caused to resonate within the closed loop. These closed loop resonators are useful for rota tion sensing in passive cavity gyroscopes.
Propagation loss within the waveguide is a very in portant parameter which will effect efficiency and oper ation. Generally, optical waveguides are very low loss devices However, it is desired to create a lower loss, more ideal optical waveguide. While many waveguides are presently very low loss devices, propagation loss is still a problem for many applications, including long haul transmission and closed loop resonators. Due to propagation losses there is a need to provide amplifiers or boosters which will increase the amplitude of the signals to account for propagation losses within the waveguide.
Much work is being done in the field of signal trans mission to provide amplifiers within a waveguide trans mission system. These amplifiers are especially impor tant when transmitting signals over large distances.
As previously mentioned, in the field of rotation sens ing a resonator can be used to detect rotation. In a closed loop resonator, light beams travel around the closed loop. If this loop is rotated, the frequency of the resonant signals are shifted. However, in order to create a rotation sensor using these principles, it is necessary to have a very low loss resonator with amplification capa bilities, thus allowing the resonant light to maintain itself for long periods of time.
In the fields of communication signal transmission and rotation sensing, work is presently being done with fiber optic cables Again, fiber optic cables experience problems due to propagation loss and thus reduce their efficiency and effectiveness for carrying signals over long large distances. Therefore, work is presently being done to provide fiber optic cables with periodic amplifi ers to amplify the signals being transmitted there through. One attempted method of providing amplifica tion has been to dope the fiber optic cable with rare earth materials and optically pump these materials to create population inversion which can amplify light. The rare earth materials used include erbium, neodym ium, and praseodymium. Many problems have been encountered with this technique however, causing the With optical waveguides the method used to fabri cate the waveguide is very important. Impurities within the guide will increase the propagation losses. There fore it is necessary to create waveguides which are free of impurities. Furthermore, irregularities in the wave guide will also increase propagation loss. Maintaining a uniform thickness is therefore very important. The pro cess used to fabricate the waveguide must be capable of controlling both thickness and purity of the resulting waveguide. Also, when doping one material with a dopant, it is important that the process used be capable of performing this doping to result in uniform, dense distribution of the dopant.
An effective method of amplifying signals within optical waveguides has not yet been developed. There fore, at the present time it is not possible to produce an efficient low loss waveguide that has amplifying charac teristics.
SUMMARY OF THE INVENTION
It is an object of the present invention to create an optical waveguide that has amplifying or gain charac teristics. It is a further object of the present invention to create a ring resonator with low losses and gain charac teristics that can be used in a passive cavity resonator will allow optical signals to propagate within the reso nator for an indefinite period of time, as well as sharpen ing the resonances. Sharper resonance will allow for more sensitive rotation sensing when used in rotation sensing devices.
The above mentioned objects are achieved by creat ing a multilayer waveguide having low propagation loss. Such a waveguide is constructed of alternating layers of a first and a second material. The first material has a relatively high index of refraction and the second material has a relatively low index of refraction. Ampli fication is obtained by doping the low index of refrac tion material with a rare earth material.
The method used to fabricate the waveguides of the present invention can greatly effect the efficiency of the waveguide. The multilayer waveguides of the present invention are made using the process of ion beam depo sition, resulting in high quality, low loss waveguides. Furthermore, this process produces layers of material that are evenly doped with a second material, thus avoiding the problems of dopant clumping.
A resonator with the above mentioned objectives is created by configuring the waveguide in a closed loop path. A first optical signal is input to the closed loop, causing this signal to resonate. Gain is added to the resonator by pumping the resonator with an appropriate second optical signal or pump signal. The rare earth material which is distributed in the lower index of re fraction material provides gain for the resonator. When the pump signal interacts with the rare earth materials the rare earth materials emit photons that add to the first optical signal, thus amplifying the first optical sig nal. Such a resonator with gain enhancement provides a resonator in which the first optical signal will resonate without substantially degrading. The first optical signal is provided to first optical cou pler 14 by a laser diode (not shown) or an equivalent light source. The first optical signal is carried through first coupler 14 which is situated adjacent to circular waveguide 12. As is well known to those skilled in the art, light is caused to couple into circular waveguide 12 from first optical coupler 14. In the preferred embodi ment of the invention, the first optical signal is simply light at a first wavelength.
Since circular waveguide 12 is a closed loop path the first optical signal, which is coupled into this wave guide, is caused to resonate within circular waveguide 12. The first wavelength of first optical signal may need to be adjusted to cause a first optical signal to resonate within waveguide 12.
A second optical signal is carried by second optical coupler 16 to a point that is adjacent circular waveguide 12. The second optical signal is a light beam of a differ ent wavelength than the first optical signal. The second optical signal is coupled into circular waveguide 12 by second coupler 16. Since the second optical signal is of a different frequency than the first optical signal which is already resonating within waveguide 12, second opti cal signal does not interfere with first optical signal. will often depend upon the particular applications of the ring resonator.
Upon the substrate surface is deposited a first isola tion layer 22. Generally first isolation layer 22 is con structed of a material having a fairly low index of re fraction allowing for confinement of optical signals within the waveguide. In the preferred embodiment, first isolation layer includes two levels of material. A first level 23 may be grown upon substrate 20 or initially deposited in preparation of the substrates. A second level 26 may then be deposited when fabrication of the waveguide begins. Whatever the exact configuration, first isolation layer 22 provides the waveguide with the necessary containment so as to maintain any optical signals within the waveguide.
Upon first isolation layer 22 is deposited a multilayer stack or waveguide core 24 which makes up the wave guide of the present invention. Multilayer stack 24 is comprised of alternating layers of a first material 28 and First layer 28 and second layer 29 are then repeated a plurality of times to create multilayer stack 24. It is important that there be one more layer of first material 28 than of second material 29 so that second material 29 is always sandwiched between two layers of first mate rial 28. In summary, first material has a relatively high index of refraction and second material has a relatively 45 However, amplification is caused by the coupling of 50 second optical signal from second coupler 16. The am plification characteristics of the resonator will be elabo rated upon further in the present specification.
All of the waveguides including first optical coupler 14, second optical coupler 16, and circular waveguide 12 are arranged on a single substrate 20. Substrate 20 is generally constructed of a thermally stable material in a planar configuration. It is to be understood that many The multilayer waveguide of the present invention provides a low loss light transmission medium. Further more, the multilayer waveguide displays unique mode structures and birefringence which provide very good discrimination characteristics against certain wave lengths and polarizations of light. Therefore, the wave guide of the present invention provides for a very good single mode operation.
In a preferred embodiment of the present invention substrate 20 is constructed of silicon dioxide (SiO2). It will be understood by those skilled in the art that the number of layers of material within multilayer stack 24 could easily be altered to tailor the waveguide to particular applications and specifications. Furthermore, it would be understood that different materials could be used provided the relationships between the indices of refraction are appropriate. As an example of an alter 5,319,727 5 nate material which could be used, titanium dioxide (TiO2) could be substituted in place of zirconium diox ide (ZrO2). Furthermore, the entire waveguide could be doped with erbium as opposed to just the layers of second material 29. Lastly, just certain parts of the layers could be doped with the rare earth material.
In the preferred embodiment, multilayer stack 24 is made up of a number of distinct layers (e.g. layer of first material 28, and layer of second material 29). In an alternate embodiment, the waveguide could be made up of a number of cycles or undefined transitions between materials. These cycles would take the form similar to that of the preferred embodiment, however, the transi tions between first material 28 and second material 29
would not be sharply defined. Similarly, the transition between first isolation layer 22 and waveguide core 24 would not be sharply defined In this alternate embodi ment, the transitions would be blended or graded, slowly changing from one material to another. An ex ample of this alternative embodiment is shown in FIG.   4 .
Construction of the waveguide of the present inven tion could be accomplished through numerous methods of manufacture, however the particular method used will affect the performance of the waveguide. In the preferred embodiment of the present invention all of the layers making up multilayer waveguide 24 are depos ited upon each other by using the process of ion beam deposition. This method of thin film deposition is well known in the art. In summary, ion beam deposition is accomplished by bombarding a target material with a flow of ions causing particles of the target material to be dislodged from the target and consequently deposited upon surrounding surfaces. The advantages of using ion beam deposition include achieving uniformity, stoichi ometry, high density, and purity of the thin film which is deposited. Further advantages are the ability to effec tively blend differing materials, the ability to deposit materials without using excessive amounts of heat, and the adaptability of ion beam deposition to batch pro cessing of parts. All of these characteristics of ion beam deposition provide the waveguide of the present inven tion with the quality needed as well as the low cost desired. Furthermore, the quality of thin films deposited by other methods have not displayed the same desirable qualities displayed by thin films deposited using ion beam deposition.
To further reduce the propagation loss of the wave guide, the waveguides are baked at a high temperature for a period of time. The time and temperature of this baking procedure will vary depending upon the materi als used. While the multilayer waveguide has fairly low loss, this loss is not low enough to maintain a resonator appropriate for many applications. By doping some layers of material with a rare earth the necessary ampli fication required to maintain the resonator is achieved. This amplification is provided by pumping the resona tor with a pump optical signal.
Ion beam deposition is particularly advantageous for the present invention due to the uniformity of the rare earth doping within the low index of refraction mate rial. In the preferred embodiment silicon dioxide is doped with erbium. The use of ion beam deposition has produced a layer having very effective blending of the rare earth material and the low index of refraction mate rial. In the resulting layer the rare earth material is very evenly distributed throughout that layer. The rare earth doping of certain layers within the multilayer waveguide provides amplification to the waveguide. The energy distribution of the rare earth material is such that electrons are maintained at higher energy levels. Optical pumping induces electron transi. tions from a lower energy level to a higher energy level.
Subsequently the passage of a second stimulating beam or optical signal causes the emission of a photon. This photon is then added to the light already resonating within the multilayer waveguide (the first optical sig nal), thus causing amplification.
In order to create amplification, i.e., pumping elec trons into higher energy levels, the multilayer wave guide must be pumped with a second optical signal. The second optical signal must be at the appropriate wave length to cause atoms of the rare earth material to be pumped to higher energy levels. In the preferred em bodiment using a silicon dioxide layer doped with er bium, the first optical signal which resonates is at the wavelength of 1.53 micrometers. Amplification may be provided when the waveguide is pumped with a second optical signal having a wavelength of either 1.48 mi crometers or 0.98 micrometers or other lower resonant wavelengths. These wavelength requirements will vary with each particular waveguide and with the rare earth material which is doped into the waveguide.
Referring now to FIG. 3 there is shown another application of the waveguide of the present invention. A waveguide 40 is manufactured in linear configura tion. Waveguide 40 also has a cross section as shown in either FIG. 2 or FIG. 4 . Adjacent to waveguide 40 is an amplification coupler 42. Amplification coupler 42 is used to carry light at an appropriate frequency and wavelength to cause amplification in waveguide 40. In this configuration, as in the configuration of FIG. 1 , the waveguides would be multilayered using zirconium dioxide (ZrO2) and dioxide (SiO2) wherein portions of the silicon dioxide which are sandwich between zirco nium dioxide layers are doped with erbium (Er).
Again, waveguide 40 carries a first optical signal which is being transmitted there through. A second optical signal is coupled into waveguide 40 by amplifi cation coupler 42. The interaction between the second optical signal and the rare earth materials within wave guide 40 will cause amplification of the first optical signal. As with resonator 10, the necessary wavelengths of first optical signal and second optical signal can vary depending upon the application and configuration of waveguide 40.
In either embodiment of the present invention, the coupling of optical signals is necessary. Those skilled in the art will recognize that such coupling can be accom plished by a number of ways. Examples of other cou pling methods include Y-splitters, and end pumps.
Having described the present invention in consider able detail it should be apparent to those skilled in the art that the invention can be modified in arrangement and detail with departing from the principles of the invention. We claim all modifications coming within the scope and spirit of the following claims.
